Most dendrite branches and a large fraction of dendritic spines in the adult rodent forebrain are stable for extended periods of time. Destabilization of these structures compromises brain function and is a major contributing factor to psychiatric and neurodegenerative diseases. Integrins are a class of transmembrane extracellular matrix receptors that function as ␣␤ heterodimers and activate signaling cascades regulating the actin cytoskeleton. Here we identify integrin ␣3 as a key mediator of neuronal stability. Dendrites, dendritic spines, and synapses develop normally in mice with selective loss of integrin ␣3 in excitatory forebrain neurons, reaching their mature sizes and densities through postnatal day 21 (P21). However, by P42, integrin ␣3 mutant mice exhibit significant reductions in hippocampal dendrite arbor size and complexity, loss of dendritic spine and synapse densities, and impairments in hippocampal-dependent behavior. Furthermore, gene-dosage experiments demonstrate that integrin ␣3 interacts functionally with the Arg nonreceptor tyrosine kinase to activate p190RhoGAP, which inhibits RhoA GTPase and regulates hippocampal dendrite and synapse stability and mouse behavior. Together, our data support a fundamental role for integrin ␣3 in regulating dendrite arbor stability, synapse maintenance, and proper hippocampal function. In addition, these results provide a biochemical and structural explanation for the defects in long-term potentiation, learning, and memory reported previously in mice lacking integrin ␣3.
Introduction
In the developing brain, dendrite branches and dendritic spines turn over dynamically as neurons refine connections and integrate into circuits (Dailey and Smith, 1996; Wong and Wong, 2000; Ethell and Pasquale, 2005) . In stark contrast, in adulthood, most dendrite branches and many dendritic spines are stable for extended periods (Wu et al., 1999; Trachtenberg et al., 2002; Holtmaat et al., 2005 Holtmaat et al., , 2006 . This stability is essential for proper brain function. In humans, loss of neuronal stability is a major contributing factor to the pathology of psychiatric and neurodegenerative disorders (Makris et al., 2008; Lin and Koleske, 2010; Penzes et al., 2011; Kulkarni and Firestein, 2012) . Work over the past decade has revealed that long-term dendrite and dendritic spine stability requires the activity of intracellular signaling pathways that are triggered by extracellular cues acting on cell-surface receptors (Gorski et al., 2003; Moresco et al., 2005; Sfakianos et al., 2007; Chen et al., 2011; . Elucidating these signaling mechanisms will lead to a deeper understanding of how neuronal stability is achieved and how its disruption contributes to destabilization in human brain diseases.
Integrins are a class of 18 heterodimeric ␣␤ receptors that adhere to the extracellular matrix (ECM) and regulate cytoskeletal-signaling pathways (DeMali et al., 2003; Dansie and Ethell, 2011) . Integrins are prominently expressed in neurons (Pinkstaff et al., 1999) where they regulate neuronal migration (Gupton and Gertler, 2010) , synaptic maturation (Chavis and Westbrook, 2001; Webb et al., 2007) , plasticity (Chan et al., 2003; Shi and Ethell, 2006) , and neuronal stability . In particular, integrin ␤1 signals via the Arg (Abl-related gene; Abl2) nonreceptor tyrosine kinase to regulate synapse and dendrite stability. The integrin ␤1 cytoplasmic tail binds directly to Arg and promotes Arg-dependent phosphorylation of the RhoA GTPase inhibitor p190RhoGAP (p190). Phosphorylation drives p190 into a complex at the membrane with p120RasGAP (p120) to inhibit RhoA, a major antagonist of dendrite stability (Nakayama et al., 2000; .
These data strongly suggest that an unknown ligand for integrin ␤1-Arg signaling confers dendrite and synapse stability. Integrin ␣-subunits determine receptor ligand specificity (Hughes and Pfaff, 1998; Hynes, 2002; Luo et al., 2007) , but the ␣-subunit that partners with integrin ␤1 to regulate the Arg-p190 pathway is unknown. We show here for the first time that integrin ␣3 is critical for the stabilization of neuronal structure in the postnatal mouse hippocampus. Loss of integrin ␣3 from excitatory neurons causes reduced hippocampal dendritic spine and synapse densities and reduced dendrite arbor complexity in adult mice. These structural deficits correlate with a pronounced impairment in a hippocampal-dependent novel object recognition task. Using biochemical and genetic strategies, we demonstrate that Arg interacts functionally with integrin ␣3 to regulate neuronal structure, mouse behavior, and p190 -RhoA signaling. Together, these results identify integrin ␣3 as a key mediator of dendrite arbor, dendritic spine, and synapse stabilization.
Materials and Methods
Animal use. Mice used for these studies were of a mixed genetic background: arg (Koleske et al., 1998) , germ-line itg␣3 , germ-line itg␣5 (Yang et al., 1993) , and NEX-Cre (Goebbels et al., 2006) mice were of C57BL/6 ϫ 129/SvJ background; floxed itg␣3 mice were of C57BL/6 ϫ CD-1 ϫ 129/SvJ background . Animal genotypes were determined using a PCR reaction, and genotypes were confirmed at death. To control for potential strain background and sex differences, we used male littermates for all experiments at postnatal day 42 (P42) (range, P42-P56). At P21 (range, P20 -P22), both female and male littermates were used. Experiments comparing different genotypes and ages were conducted and scored by a single experimenter blinded to both parameters. For behavioral experiments, mice were handled 5 min each for 5 d before the experiment to habituate them to the tester. For experiments requiring heavy sedation, animals were administered Nembutal via intraperitoneal injection before the experiment. All procedures were compliant with federal regulations and approved by the Yale University Animal Care and Use Committee.
Genetic strategy. Mice used for conditional ablation studies were bred by crossing mice with a conditional "floxed" allele of the gene itg␣3 Liu et al., 2009 ) with NEX-Cre transgenic mice expressing Cre recombinase (Goebbels et al., 2006) . This strategy inactivates integrin ␣3 in excitatory neurons of the hippocampus and cortex starting at embryonic day 11.5 (Goebbels et al., 2006) . For simplicity, conditional integrin ␣3 knock-out mice are referred to as NEX-␣3 Ϫ/Ϫ mice throughout text. Mice used for dose-sensitive genetic interaction studies were bred by crossing mice with a germ-line integrin ␣3 knock-out allele (␣3) with mice with a germ-line arg knock-out allele (arg) (Koleske et al., 1998) , referred to as arg ϩ/Ϫ ␣3 ϩ/Ϫ mice throughout text. Dose-sensitive genetic interactions are commonly used to assess the physiological relevance in vivo of demonstrated protein interactions (Moresco et al., 2005; Sfakianos et al., 2007; Phillips, 2008; . In this approach, reducing the gene dosage of two interacting proteins by creating a double heterozygous animal can produce a synthetic phenotype that is not present in either of the single heterozygote mutants, often mirroring the knock-out phenotype of the genes.
Synaptic fractionation. Mouse forebrain homogenates were fractionated via sucrose gradient following previously published protocols (Jones and Matus, 1974) with modifications (Biederer et al., 2002) . Briefly, the cortex and hippocampus were dissected from three to six mice under deep Nembutal sedation and mechanically homogenized using a glassTeflon homogenizer in 320 mM sucrose with 10 mM HEPES, pH 7.4, phosphatase, and protease inhibitors. Samples were spun for 10 min at 800 ϫ g to clear non-homogenized tissue, and an aliquot of the supernatant was taken as the crude sample. Next, the supernatant was spun for 15 min at 10,000 ϫ g twice, resuspending the pellet each time to wash. A sample of the resulting pellet was collected as the synaptoneurosome fraction. The rest of the pellet fraction was hypotonically lysed with icecold water and centrifuged for 20 min at 24,000 ϫ g to fractionate synaptosomal membranes. Synaptosomal membranes were further fractionated via a stepwise sucrose gradient to obtain a final synaptic plasma membrane fraction. All purification steps were performed at 4°C and with ice-cold buffers. Samples were immunoblotted after SDS-PAGE with antibodies to integrin ␣3 (clone 42/CD49c at 0.5 g/ml; BD Biosciences) and postsynaptic density-95 (PSD95) (clone K28/43 at 0.1 g/ml; University of California, Davis/National Institutes of Health NeuroMab Facility) and detected using chemiluminescence. Bands on scanned film were quantified using Quantity software to determine fold differences between genotypes (Bio-Rad Laboratories).
Electron microscopy and morphometric analyses of hippocampal synapses. Mice were anesthetized with Nembutal and transcardially perfused for 1 min with PBS plus heparin at pH 7.4, followed by perfusion of 10 ml of 4% paraformaldehyde/2% glutaraldehyde in PBS, pH 7.4. Brains were postfixed at 4°C for at least 24 h before cutting on a vibratome. Sections were then processed in 1% OsO 4 at 4°C for 1 h (Schikorski and Stevens, 1997). Next, slices were dehydrated for 1 h in ethanol and stained with 0.5% uranyl acetate in 95% ethanol. Tissue was embedded in Epon and further sliced to 70 nm for electron microscopy analysis. Tissue was imaged using a JEOL 100 CX II electron microscope at 12,000ϫ magnification. Excitatory synapses were identified and enumerated only if they contained a mushroom-shaped spine with an electron-dense PSD apposed to a presynaptic compartment containing synaptic vesicles as described in previous reports (Harris and Stevens, 1989; Sfakianos et al., 2007; . A single experimenter made all measurements using NIH ImageJ software blinded to genotype and age. Additional sections that were not processed for electron microscopy were stained with anti-NeuN to assess overall structure as described previously (Moresco et al., 2005) .
Biocytin injection and morphometric analysis of hippocampal neurons. Experiments were performed as described previously (Sfakianos et al., 2007; . Briefly, hippocampal slices (400 m) were maintained in an interface chamber at 33°C. Individual CA1 pyramidal neurons were injected using 300 ms current of 5 nA at 1 Hz for 20 min with 4% biocytin in 2 M sodium acetate at pH 7.5. Slices were fixed with 4% paraformaldehyde in PBS at pH 7.4 for 48 h and cryoprotected in 30% sucrose. Tissue was then resectioned to 40 m and stained using avidin-horseradish peroxidase staining (Vectastain Elite ABC; Vector Laboratories). Neurons were traced under 100ϫ magnification with a light microscope outfitted with a Z-drive and reconstructed using Neurolucida software (MicroBrightField) by an experimenter blind to the genotype and age. NeuroExplorer software (MicroBrightField) was used to calculate total dendrite length and branch-point numbers, which were further analyzed by calculating both apical and basal dendrite length and branch-point numbers independently. NeuroExplorer was also used to perform Sholl analysis on reconstructed neurons.
Dendritic spine analyses. Wild-type (WT) control and mutant littermates expressing the GFP-M1 transgene (Feng et al., 2000) were transcardially perfused for 1 min with PBS plus heparin at pH 7.4, followed by perfusion of 10 ml of 4% paraformaldehyde in PBS, and brains were postfixed for at least 24 h. Vibratome-cut sections (50 m) were imaged on a spinning-disc UltraVIEW VoX (PerkinElmer Life and Analytical Sciences) confocal microscope under 60ϫ magnification. Spines were analyzed and processed using Volocity (PerkinElmer Life and Analytical Sciences) software. Collapsed z-stack images were exported from Volocity and counted using NIH ImageJ software by a single experimenter blinded to genotype and age of each slide. Representative images were reconstructed using Volocity software "Fast Restoration" function.
Immunoprecipitations. Homogenization and immunoprecipitation were performed in ice-cold lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, and 1% Triton X-100 with protease and phosphatase inhibitors) as described previously . Briefly, hippocampi were dissected in ice-cold PBS, homogenized, spun to remove debris, snap frozen in liquid nitrogen, and stored at Ϫ80°C until assay. Protein extract (0.5 mg) standardized to 1 mg/ml was precleared at 4°C for 20 min with 40 l of protein A/G agarose beads (Calbiochem). Supernatants were then incubated with 2 g of anti-p190 antibody (clone D2D6; Millipore) at 4°C overnight (12 h) with gentle rotation, and immune complexes were bound to protein A/G agarose beads at 4°C for 1 h with gentle rotation. Beads were washed three times with 1 ml of lysis buffer and resuspended in 40 l of SDS-PAGE running buffer. Samples were boiled for 10 min and separated via SDS-PAGE. Proteins were detected by immunoblot with anti-phospho-tyrosine (clone 4G10 at 0.25 g/ml), anti-190RhoGAP (clone DG-20 at 2 g/ml; Sigma), and antip120RasGAP (clone B4F8 at 1 g/ml; Thermo Fisher Scientific). Bands were quantified using densitometry software from ImageQuant, and relative levels of coimmunoprecipitated protein were standardized to WT littermate controls run on the same blot.
RhoA activity assays. Assays were performed on hippocampal lysate with an ELISA-based kit (Cytoskeleton) as described previously .
Novel object recognition task. Mice at P42 were habituated to handling for 5 d before the experiment for 5 min/d per mouse. Behavior was performed in a quiet room separate from housing as described previously (Sfakianos et al., 2007) . Briefly, mice were habituated to a large testing cage for 1 h. Then mice were allowed to explore two identical objects placed on either side of the testing cage for a total accumulation of 30 s exploration time, defined as nasal or oral contact with the objects. After 48 h, mice were placed back in testing cage with one familiar object explored previously and one novel object and were allowed to accumulate 30 total seconds of exploration time. Mice that did not accumulate 30 s of exploration within 5 min on day 1 or day 3 were excluded from analysis. An experimenter blinded to genotype scored each session live, and in addition all sessions were recorded on video.
Statistics. All data are reported as ϮSEM with the exception of the two plots for dendritic spine cross-sectional head area, which are graphed as whisker-barrel plots, with the centerline representing mean, box edges representing ϮSEM, and outer lines representing minimum-maximum.
Comparisons between WT and NEX-␣3
Ϫ/Ϫ , and WT and arg Ϫ/Ϫ mice were analyzed using one-way ANOVAs and post hoc two-tailed Student's t tests. Analysis of datasets from epistasis experiments with multiple genotypes was done using two-way ANOVAs to determine whether arg and itg␣3 had a significant interaction, and, if so, post hoc two-tailed Student's t tests were performed between groups. For Sholl analysis, two-way ANOVAs were performed between shell radius and genotype, followed by post hoc two-tailed Student's t tests. Datasets for dendritic spine head cross-sectional area were additionally analyzed using two-tailed F tests for variance. WT and littermate experimental lysates for the RhoA activity assays were run simultaneously, and each experimental sample was normalized back to its WT littermate. Data collected from these assays were analyzed using a one-sample t test comparing mean of experimental reading back to 100%. Novel object recognition data were analyzed using two-way ANOVAs (object ϫ genotype) or three-way ANOVAs (object ϫ arg ϫ integrin), followed by post hoc two-tailed Student's t tests between objects. Data from all experiments were analyzed and graphed using Prism software (GraphPad Software).
Results
Integrin ␣3 is enriched in synaptic membranes and controls dendrite arbor size and dendritic spine density in hippocampal neurons Integrin ␤1 is present at dendritic spines (Mortillo et al., 2012) , where it is required for hippocampal dendrite and synapse stability . However, the ␣-subunit(s) that pairs with integrin ␤1 in this function is unknown. Integrins ␣3, ␣5, and ␣8 are all expressed in the hippocampus where they contribute to hippocampal long-term potentiation (LTP) and working memory in mice (Einheber et al., 1996; Pinkstaff et al., 1999; Bi et al., 2001; Kramár et al., 2002; Chan et al., 2003 Chan et al., , 2007 . In particular, the reduction or loss of integrin ␣3 impairs synaptic plasticity, spatial learning, and LTP (Kramár et al., 2002; Chan et al., 2003 Chan et al., , 2007 . We found that integrin ␣3 was enriched 2.5-fold in synaptic plasma membrane relative to crude homogenate (Fig.  1A) . These results are consistent with previous work showing an enrichment of integrin ␣3 levels in synaptic fractions (Kramár et al., 2002; Chan et al., 2003) .
We inactivated integrin ␣3 in excitatory neurons of the forebrain starting at embryonic day 11.5 by crossing mice with a conditional floxed allele of the gene itg␣3 ( Ϫ/Ϫ mice. Using this genetic strategy, we found a robust elimination of integrin ␣3 protein expression in both the crude homogenate and synaptic membrane fractions from P42 mice (Fig. 1B) . Because NEX-Cre is expressed only in excitatory neurons, the near complete loss of integrin ␣3 in NEX-␣3 Ϫ/Ϫ mice indicates that integrin ␣3 is expressed primarily in excitatory neurons, consistent with previous reports (Kramár et al., 2002; Chan et al., 2003) . At P21 NEX-␣3 Ϫ/Ϫ mice were indistinguishable from WT littermates (weight: WT, 10.6 Ϯ 0.6 g; NEX-␣3 Ϫ/Ϫ , 11.4 Ϯ 0.5 g, Student's t test, p ϭ 0.3560), whereas at P42, NEX-␣3 Ϫ/Ϫ mice were slightly smaller than WT mice (weight: WT, 27.1 Ϯ 0.9 g; NEX-␣3 Ϫ/Ϫ , 21.6 Ϯ 1.4 g, Student's t test, p ϭ 0.0031). Gross hippocampal structure in NEX-␣3 Ϫ/Ϫ mice was similar to WT at both ages, as visualized by NeuN staining (Fig. 1C) .
We performed reconstructions of dye-filled neurons to study how loss of integrin ␣3 affected dendrite arbor length and branching pattern ( Fig. 2A) . Quantitative analyses revealed that hippocampal CA1 pyramidal neurons of P42 NEX-␣3 Ϫ/Ϫ mice had significant reductions in dendrite arbors compared with their WT littermates, with 25% shorter total dendrite lengths and 30% fewer total branch points (length: WT, 4945.8 Ϯ 484.4 m;
NEX-␣3
Ϫ/Ϫ , 3727.2 Ϯ 223.2 m, Student's t test, p ϭ 0.00013; branches: WT, 38.8 Ϯ 2.3 nodes; NEX-␣3 Ϫ/Ϫ , 27.3 Ϯ 1.7 nodes, Student's t test, p ϭ 0.00021). We further analyzed these reductions by quantifying the magnitude of loss on the apical and basal dendrites independently. Apical dendrite length in NEX-␣3 Ϫ/Ϫ neurons was reduced by 20% at P42 compared with WT dendrites, and these smaller apical dendrite arbors had 17% fewer dendrite branches (Fig. 2 B, C Ϫ/Ϫ neurons also exhibited a 31% decrease in basal dendrite length and a 43% reduction in basal dendrite branch points compared with WT littermates at P42 (Fig. 2 B, C) . Although arg Ϫ/Ϫ animals did not exhibit reductions in basal dendrite arbors at P42 (Sfakianos et al., 2007) , by 4 months of age, arg Ϫ/Ϫ basal dendrites were 36% shorter than WT littermates (Fig. 2E) . Sholl analysis revealed that the dendrite reductions measured in NEX-␣3 Ϫ/Ϫ mice were distributed throughout the entire dendrite arbor (Fig. 2D) (Sholl, 1953) . Importantly, den- Integrin ␣3 is enriched at the synaptic plasma membrane (SPM), and its genetic loss does not disrupt overall hippocampal structure. A, Immunoblot of a synaptic fractionation from P42 WT mouse forebrain demonstrating that integrin ␣3 is enriched at the SPM fraction relative to crude homogenate (C), synaptoneurosome (SN), and synaptic membrane (SM) fractions. PSD95 is used as fractionation control for enrichment of SPM-associated proteins. B, Immunoblot of C and SM fractions reveals a significant reduction of integrin ␣3 expression in NEX-␣3 Ϫ/Ϫ forebrain compared with WT at P42. C, Immunohistochemistry staining using NeuN on P42 hippocampal sections shows grossly normal hippocampal structure in WT, NEX-␣3 Ϫ/Ϫ , and arg ϩ/Ϫ ␣3 ϩ/Ϫ mice. Scale bar, 200 m.
drites developed normally in NEX-␣3 Ϫ/Ϫ mice through P21, when they were indistinguishable in length or branch points from WT ( Fig. 2 B, C) . Instead dendrites regressed between P21 and P42, demonstrating a role for integrin ␣3 in the stabilization, rather than development, of dendrite arbors.
The enrichment of integrin ␣3 at synaptic plasma membrane (Fig. 1A ) and the decrease in PSD95 levels in NEX-␣3 Ϫ/Ϫ (Fig.  1B) suggested that integrin ␣3 might also affect dendritic spine stability. We used confocal microscopy to measure dendritic spine density on the dendrites of WT and NEX-␣3 Ϫ/Ϫ CA1 pyramidal neurons that were labeled by thy1-GFP transgene expression (Fig. 3A) (Feng et al., 2000) . Dendritic spine density was similar at P21 in WT and NEX-␣3 Ϫ/Ϫ neurons (Fig. 3B) . However, by P42, dendritic spine density was reduced by 11% in NEX-␣3 Ϫ/Ϫ mice (Fig. 3B) . Thus, integrin ␣3 is not required for dendritic spine formation, but loss of integrin ␣3 compromises the stability of a subset of dendritic spines.
Deletion of integrin ␣3 reduces hippocampal synapse density and impairs behavioral tasks
The finding that NEX-␣3 Ϫ/Ϫ mice exhibited age-dependent destabilization of dendrites and dendritic spines led us to investigate the impact of these changes on synapse density, morphology, and hippocampal function. Furthermore, PSD95 levels appeared to be reduced in the synaptic membrane fraction in NEX-␣3 Ϫ/Ϫ mice compared with WT (Fig. 1B) , consistent with our findings that these mice have decreased dendritic spine density (Fig. 3B) . To quantify synapses directly, we used electron microscopy to measure the density and monitor key ultrastructural parameters of Schaffer collateral-CA1 (SC-CA1) synapses that form on the apical dendrite arbors of CA1 pyramidal neurons (Fig.  3C ). Although we observed no differences in SC-CA1 synapse density in WT and
mice had a 24% reduction in synapse density by P42 when compared with WT littermates (Fig. 3C,D) . Additionally, we measured PSD length and cross-sectional spine head area of these synapses. As we and others have reported previously (Harris et al., 1992; Sfakianos et al., 2007) , we found that synapses in WT mice transitioned from highly variable spine head size at P21 to an overall smaller and more uniform head size by P42 with less variance in head size. However, NEX-␣3
spine head areas did not undergo this agedependent transition to smaller more uniform dendritic spine head sizes. As a result, the average length of the PSD in NEX-␣3 Ϫ/Ϫ synapses was 13% longer (Fig. 3E ) and cross-sectional spine head area was 43% larger (Fig. 3F ) than WT littermates at P42. This overall synapse loss and failure to transition to smaller, more uniform spine profiles in NEX-␣3 Ϫ/Ϫ mice closely mirrors phenotypes described previously in arg Ϫ/Ϫ mice at the same ages (Sfakianos et al., 2007) . The significant reduction in hippocampal synapse density and abnormal synaptic ultrastructure in NEX-␣3 Ϫ/Ϫ mice suggested that integrin ␣3 may influence overall hippocampal function. We tested whether the loss of integrin ␣3 affected novel object recognition, a behavior known to depend on hippocampal function (Baker and Kim, 2002; Broadbent et al., 2004; , as well as other brain regions (Winters et al., 2004; McNulty et al., 2012) . Adult WT, NEX-␣3 ϩ/Ϫ , and NEX-␣3 Ϫ/Ϫ mice were first habituated to the testing environment and then allowed to explore two identical objects for a total of 30 s. During this phase of the experiment, all genotypes explored the objects for equivalent amounts of time (WT: right, 14.5 Ϯ 0.9 s; left, 15.5 Ϯ 0.9 s; NEX-␣3 ϩ/Ϫ : right, 14.9 Ϯ 1.3 s; left, 15.1 Ϯ 0.9 s; NEX-␣3 Ϫ/Ϫ : right, 16.0 Ϯ 0.9 s; left, 14.0 Ϯ 1.7 s). Mice were then returned to their home cage and after 48 h were tested with one of the previously explored objects and a novel object. Although WT and NEX-␣3 ϩ/Ϫ mice spent significantly more time with the novel object during this phase, NEX-␣3 Ϫ/Ϫ mice spent equal time exploring both objects (Fig. 3G) . Similar defects in novel object recognition have been reported previously in mice whose neurons were deficient in Arg Integrin ␣3 interacts functionally with Arg kinase to regulate p190 and RhoA activity p190 is a major substrate of Arg in neurons in which it inactivates RhoA GTPase to regulate dendrite arbor size Sfakianos et al., 2007; . Integrin ␤1 signaling through Arg promotes phosphorylation of p190 and its binding to p120, which recruits the complex to the membrane to attenuate RhoA activity (Parsons, 1996; Arthur et al., 2000; Peacock et al., 2007; Sfakianos et al., 2007; . To determine whether the loss of integrin ␣3 compromises Arg-p190 signaling, we immunoprecipitated p190 from hippocampal lysates of NEX-␣3 Ϫ/Ϫ and WT littermates at P21 and P42 and measured p190 phosphorylation (pY-p190) and the relative amount of p120 bound to p190 (p120/p190) as a readout of p190 activity ( Fig. 4A) Sfakianos et al., 2007; . Although the relative pYp190 and p120/p190 levels did not differ between NEX-␣3 Ϫ/Ϫ and WT mice at P21, NEX-␣3 Ϫ/Ϫ mice had a 13% reduction in pY-p190 (Fig. 4C ) and a 21% reduction in p120/p190 at P42 (Fig. 4D) . It should be noted that hippocampal glia also express high levels of p190 and p120, and p190 is phosphorylated via a distinct Fyn-dependent pathway in these cells (Wolf et al., 2001; Liang et al., 2004) . NEX-Cre-mediated inactivation of integrin ␣3 does not affect the glial pool of p190, which likely accounts for the significant residual active p190 in NEX-␣3 Ϫ/Ϫ hippocampal extracts. Decreased p190 signaling enhances RhoA activity (Nakayama et al., 2000; Sfakianos et al., 2007) . Indeed, we found that RhoA activity was unchanged between WT and NEX-␣3 Ϫ/Ϫ hippocampal lysates at P21 but increased by 26% in NEX-␣3 Ϫ/Ϫ mice at P42 (Fig. 4E) , coincident with the age-dependent reduction in p190 signaling.
We next used dose-sensitive genetic interactions (Moresco et al., 2005; Sfakianos et al., 2007; Phillips, 2008; to test whether integrin ␣3 interacts functionally with Arg to control p190 activity. For these experiments, we used a germ-line integrin ␣3 knock-out allele (␣3) . arg ϩ/Ϫ
␣3
ϩ/Ϫ mice were indistinguishable from WT littermates and had normal overall hippocampal structure as visualized by NeuN staining (Fig. 1C) . Integrin ␣3 protein levels from ␣3 ϩ/Ϫ and arg ϩ/Ϫ ␣3 ϩ/Ϫ mice and Arg protein levels from arg ϩ/Ϫ and arg ϩ/Ϫ ␣3 ϩ/Ϫ mice were reduced by ϳ50% compared with WT in synaptic fractions (data not shown). p190 phosphorylation and p120/p190 levels in WT, arg ϩ/Ϫ , and ␣3 ϩ/Ϫ hippocampal lysates were unchanged at P42, whereas arg ϩ/ Ϫ␣3 ϩ/Ϫ lysates exhibited a 21% decrease in pY-p190 (Fig. 4C ) and a 35% decrease in p120/p190 (Fig. 4D) , accompanied by a 32% increase in RhoA activity (Fig. 4E) . The decreases in pYp190 and p120/p190 and increased RhoA activity closely resemble the timing and magnitude of these reductions measured in NEX-
Ϫ/Ϫ (Fig. 4) Integrin ␣3 interacts functionally with Arg to regulate synapse and dendrite maintenance and behavior Our finding that integrin ␣3 and Arg interact functionally to regulate p190 signaling raised the question of whether this interaction also impacts neuronal stability and animal behavior. We found that hippocampal CA1 neurons in WT, arg ϩ/Ϫ , ␣3 ϩ/Ϫ , and arg ϩ/Ϫ ␣3 ϩ/Ϫ mice have apical arbors that are indistinguishable in all morphological parameters measured at P21 (Fig. 5A-C) . However, arg ϩ/Ϫ ␣3 ϩ/Ϫ mice had 15% shorter apical dendrites (Fig. 5B ) and 22% fewer branch points (Fig. 5C ) compared with age-matched WT, arg ϩ/Ϫ , and ␣3 ϩ/Ϫ littermates. Sholl analysis revealed that the loss of dendrites in arg ϩ/Ϫ ␣3 ϩ/Ϫ neurons occurred throughout the entire apical arbor, but basal arbors were not significantly affected (Fig. 5D) . Importantly, mice double heterozygous for Arg and integrin ␣5 (Yang et al., 1993) (arg ϩ/ Ϫ␣5 ϩ/Ϫ ) did not exhibit deficits in hippocampal dendrite arbor morphology (Fig. 5 B, C) , indicating that this interaction was specific to integrin ␣3. The age dependence of this apical dendrite ϩ/Ϫ , and NEX-␣3 Ϫ/Ϫ mice in an object recognition task at P42. During the exploration phase on day 1, all genotypes display equal preference for each of two identical objects. When tested on day 3, WT and NEX-␣3 ϩ/Ϫ show a preference for a novel object (white bar) quantified as time spent exploring the object. However,
NEX-␣3
Ϫ/Ϫ mice spend equal time exploring the novel object and familiar object from day 1 (black bar). Two-way ANOVA (object ϫ genotype): interaction, F ϭ 9.346, p ϭ 0.0009; main effect of object, F ϭ 74.76, p Ͻ 0.0001. Post hoc Student's t test: WT, p Ͻ 0.0001, n ϭ 6 mice; NEX-␣3 ϩ/Ϫ , p ϭ 0.0005, n ϭ 5 mice; NEX-␣3 Ϫ/Ϫ , p ϭ 0.2192, n ϭ 6 mice. Error bars indicate mean Ϯ SEM. *p Ͻ 0.05. regression corresponds exactly with that observed previously in neurons lacking integrin ␣3 ( Fig. 2A-C) , Arg (Sfakianos et al., 2007) , and integrin ␤1 . These data strongly support a role for integrin ␣3␤1 signaling through Arg in stabilizing hippocampal dendrite arbors.
Additionally, we find CA1 pyramidal neuron dendritic spine density was decreased by 7% in arg
ϩ/Ϫ mice at P42 compared with WT, arg ϩ/Ϫ , and ␣3 ϩ/Ϫ neurons, whereas no differences were detected at P21 (Fig. 5E,F) . Similarly, synapse density measured by electron microscopy was normal in arg ϩ/Ϫ
␣3
ϩ/Ϫ mice at P21, but reduced 17% compared with WT at P42 (Fig. 6A,B) . Measurements of synaptic ultrastructure of synapses remaining at P42 arg ϩ/Ϫ ␣3 ϩ/Ϫ mice revealed 18% longer PSDs (Fig. 6C ), 28% larger cross-sectional dendritic spine head area, and significantly larger variance in head area (Fig. 6D ). Again these changes were similar to those observed previously in mice with compromised integrin ␤1-Arg-p190 signaling (Sfakianos et al., 2007; .
We also tested the ability of arg ϩ/Ϫ ␣3 ϩ/Ϫ and control mice to discriminate between a novel and a familiar object. On day 1, all genotypes explored the objects for equivalent amounts of time (WT: right, 16.5 Ϯ 0.9 s; left, 13.5 Ϯ 0.9 s; arg ϩ/Ϫ : right, 17. 
s). Similar to NEX-␣3
Ϫ/Ϫ mice (Fig. 3G) , at P42, arg ϩ/ Ϫ␣3 ϩ/Ϫ mice failed to discriminate between the novel and familiar objects, whereas WT, arg ϩ/Ϫ , and ␣3 ϩ/Ϫ mice displayed a preference for the novel object on day 3 (Fig. 6E) . The same defect was observed in mice lacking either Arg (Sfakianos et al., 2007) or integrin ␤1 (Warren et al., 2012) . Moreover, novel object recognition was normal in ␣5 ϩ/Ϫ and arg ϩ/Ϫ ␣5 ϩ/Ϫ mice (Fig. 6E) , further indicating a specific interaction between integrin ␣3 and Arg in regulating this behavior. Together, these data strongly support the hypothesis that integrin ␣3␤1 signals through Arg to control hippocampal dendrite stability, synapse morphology and maintenance, and overall hippocampal function (Fig. 7) .
Discussion
The loss of dendrite arbor and dendritic spine stability in humans is a major contributing factor to the pathology of psychiatric illnesses and neurodegenerative diseases (Lin and Koleske, 2010; Kulkarni and Firestein, 2012) . Uncovering the mechanisms that confer dendrite and spine stability is an essential first step toward understanding how they become compromised in human disease and for developing treatment strategies. We report here, for the first time, that integrin ␣3 acts to stabilize dendrites, dendritic spines, and synapses. Loss of integrin ␣3 function leads to significant atrophy of dendrite arbors and loss of dendritic spines, disrupts maturation of the remaining synapses, and compromises overall hippocampal function. Moreover, we demonstrate that integrin ␣3 acts upstream of an Arg-p190 RhoA inhibitory pathway that is a critical regulator of dendrite stability. Together, these results identify and characterize integrin ␣3 as an essential regulator of dendrite arbor and dendritic spine stability in the postnatal brain.
Dysregulation of integrin ␣3-Arg signaling may contribute to neuronal stabilization defects in humans Defects in dendrite arbor size and complexity, dendritic spine density, and synaptic connectivity are associated with several pathological conditions, including schizophrenia, (Glantz and Lewis, 2000; Kalus et al., 2000; Law et al., 2004) , depression (Cotter et al., 2001; Duman and Aghajanian, 2012) , and intellectual disability (Kaufmann and Moser, 2000; Kaufmann et al., 2000; Ramakers, 2000) . Mutations in genes encoding proteins in the integrin ␣3␤1-Arg signaling axis have been linked to human disorders in brain development. 
NEX-␣3
Ϫ/Ϫ hippocampal lysate compared with a WT littermate control run in same assay. Both arg ϩ/Ϫ ␣3 ϩ/Ϫ and NEX-␣3 Ϫ/Ϫ mice had elevated levels of active hippocampal RhoA at P42 but not at P21. One-sample t test compared means with 100:
0308. n ϭ 3-8 mice per group. Error bars indicate mean Ϯ SEM. *p Ͻ 0.05. microdeletions involving genes for integrin ␤1 (Megarbane et al., 2001; Talkowski et al., 2012) , Arg (Scarbrough et al., 1988; Takano et al., 1997; Chaabouni et al., 2006 ), p190 (James et al., 1996 Leal et al., 2009) , and Rho-family GTPases (Newey et al., 2005; Benarroch, 2007) have all been identified in cases of intellectual disability that have been associated with developmental disorders. Mice with mutations in key components of this pathway exhibit defects in dendrite stability and dendritic spine density and morphology that resemble those observed in neurodevelopmental disorders and also exhibit widespread defects in learning, memory, and behavioral flexibility as presented here and in previous studies (Sfakianos et al., 2007; . Continued investigation of these signaling components will reveal whether they are also disrupted in psychiatric and neurodegenerative diseases and, if so, whether they can be targeted therapeutically to stabilize neuronal structure to ameliorate disease.
Synaptic plasticity, ultrastructure, and maintenance are disrupted in integrin ␣3 mutant mice Integrin ␣3 is expressed broadly throughout the rodent brain, including hippocampal pyramidal neurons (Pinkstaff et al., 1999) , and integrin ␣3 is particularly enriched in synaptic fractionations (Fig. 1A) (Kramár et al., 2002; Chan et al., 2003) . Previously, it was found that integrin ␣3 plays an essential role in NMDA receptor-dependent LTP, spatial learning, and working memory (Kramár et al., 2002; Chan et al., 2003 Chan et al., , 2007 . Our results identify biochemical and structural mechanisms that may underline the role of integrin ␣3 in these processes. Interestingly, mice with postnatal excitatory neuron-specific ablation of integrin ␣3 (␣-CaMKII-Cre) have been reported previously to exhibit normal ultrastructure of SC-CA1 hippocampal synapses (Chan et al., 2007) . We found that NEX-␣3 Ϫ/Ϫ synapses have disrupted ultrastructure at P42, resulting in increased synaptic head area and increased PSD length, likely attributable to failure to undergo characteristic morphological changes (Harris et al., 1992; Sfakianos et al., 2007) . One possible explanation for these differences is the time course of Cre-mediated inactivation of integrin ␣3 via the two transgenes: NEX-Cre expression begins at embryonic day 11.5 (Goebbels et al., 2006) , whereas ␣-CaMKII-Cre expression is initiated at P25 (Tsien et al., 1996) . This suggests that integrin ␣3 may be required between E11.5 and P25 to perform some function required for later stabilization of neuronal structure. However, integrin ␣3 protein levels were not directly Ϫ/Ϫ were less severe than those observed in NEX-␣3 Ϫ/Ϫ mice. However, the inactivation of integrin ␤1 in that study was less complete (Ͼ80%) than the near complete integrin ␣3 inactivation reported here.
Arg-p190 -RhoA signaling downstream of integrin ␣3␤1 Elevated RhoA activity in neurons causes dendrite destabilization (Threadgill et al., 1997; Ruchhoeft et al., 1999; Li et al., 2000; Nakayama et al., 2000; Sfakianos et al., 2007) . We report that integrin ␣3 interacts functionally with Arg to activate p190 and inhibit RhoA activity to promote overall dendrite stability. These phenotypes are similar to those observed in the NEX-␤1 Ϫ/Ϫ mice . Integrins function as heterodimeric receptors and integrin ␣3 is a major binding partner for integrin ␤1 (Laplantine et al., 2000; Hynes, 2002; Cox et al., 2010) . Together with previous reports from our laboratory, the data presented here support the following model ( Fig. 7): (1) integrin ␣3␤1 binds to and activates Arg kinase ; (2) Arg phosphorylates p190; (3) pY-p190 forms a complex with p120, which is recruited to the postsynaptic membrane; (4) the p120/p190 complex inhibits RhoA GTPase activity; and (5) the brake on RhoA activity promotes the stability of neuronal morphology by influencing the neuronal cytoskeleton. Additionally, we report that integrin ␣3 interacts functionally with Arg to regulate novel object recognition behavior. This behavior is dependent on hippocampal connectivity (Baker and Kim, 2002; Broadbent et al., 2004) , as well as various cortical regions (Winters et al., 2004; McNulty et al., 2012) .
Recently, our laboratory has used neuronal cell culture to determine that Arg kinase controls dendrite and synapse stability via distinct biochemical mechanisms. Knockdown of Arg in hippocampal neuronal cultures recapitulates the dendrite morphology and dendritic spines reductions found in vivo. Similar to arg Ϫ/Ϫ mice, inhibition of RhoA signaling in cultured knockdown neurons blocks the dendrite loss but maintains the decreased spine density. Conversely, we found that the reduction of dendritic spine density in Arg knockdown cultures was depen- ϩ/Ϫ synapses have an increased PSD length compared with WT, although it was not statistically significant. ANOVA between groups: F ϭ 5.218, p ϭ 0.0015. Post hoc Student's t test: P21, p ϭ 0.0689; P42, p ϭ 0.0015. n ϭ 75-112 synapses from 3-4 mice per group. D, Mean dendritic spine cross-sectional head area fails to decrease in arg ϩ/Ϫ ␣3 ϩ/Ϫ synapses between P21 and P42 compared with WT littermates. ANOVA between groups: F ϭ 6.519, p ϭ 0.0003. Post hoc Student's t test: P21, p ϭ 0.6215; P42, p ϭ 0.0008. Additionally, the variance in WT spine head areas decreases between P21 and P42, but there is no difference in arg ϩ/Ϫ ␣3 ϩ/Ϫ spine head area variance between the two ages. Two-sampled F test: WT, p Ͻ 0.0001; arg ϩ/Ϫ ␣3 ϩ/Ϫ , p ϭ 0.7255. n ϭ 75-112 synapses from 3-4 mice per group. E, Performance of WT, arg ϩ/Ϫ , ␣3 ϩ/Ϫ , arg ϩ/Ϫ ␣3 ϩ/Ϫ , ␣5 ϩ/Ϫ , and arg ϩ/Ϫ ␣5 ϩ/Ϫ mice in an object recognition task at P42. On day 1, exploration time of two identical objects is identical in all genotypes. Here, all genotypes show a preference for the novel object (white bar) on day 3 of testing, except arg ϩ/Ϫ ␣3 ϩ/Ϫ mice who spend equal time with the novel object and familiar object from day 1 (black bar). Three-way ANOVA (object ϫ arg ϫ integrin): F ϭ 3.868, p ϭ 0.023; main effect of object, F ϭ 160.091, p Ͻ 0.001. Post hoc Student's t test: WT, p Ͻ 0.0001, n ϭ 22 mice; arg ϩ/Ϫ , p Ͻ 0.0001, n ϭ 17 mice; ␣3 ϩ/Ϫ , p Ͻ 0.0001, n ϭ 11 mice; arg ϩ/Ϫ ␣3 ϩ/Ϫ , p ϭ 0.0724, n ϭ 8 mice; ␣5 ϩ/Ϫ , p Ͻ 0.0001, n ϭ 9 mice; arg ϩ/Ϫ ␣5 ϩ/Ϫ , p Ͻ 0.0001, n ϭ 9 mice. Error bars indicate mean Ϯ SEM. *p Ͻ 0.05. Integrin ␣3␤1 (1) is activated by an unknown upstream extracellular ligand. The intracellular tail of ␤1 binds to and activates Arg kinase, Arg phosphorylates p190 (2), phosphorylated p190 forms a complex with p120 at the postsynaptic membrane (3), and the p120/p190 complex inhibits RhoA GTPase activity (4) and promotes the stability of neuronal morphology (5). dent on interactions between Arg and the actin-stabilizing protein cortactin (MacGrath and Koleske, 2012; Lin et al., 2013) . Here, we find that loss of integrin ␣3 reduces dendrite, dendritic spine, and synapse stability, suggesting that integrin ␣3␤1 is upstream of both biochemical signaling cascades.
What acts upstream of integrin ␣3␤1 to confer dendrite and dendritic spine stability?
The integrin ␣-subunit extracellular head domain helps determine ligand specificity (Hughes and Pfaff, 1998; Hynes, 2002; Luo et al., 2007) . Therefore, our identification of integrin ␣3 as the partner for integrin ␤1 in the control of neuronal stability narrows the list of candidate ligands that activate Arg signaling to promote stabilization in vivo. The ECM contains many integrin ␣3␤1 ligands (Humphries et al., 2006; Dansie and Ethell, 2011) , and its components are secreted from both neurons and glial cells in the brain where they influence neuronal development, structure, maintenance, plasticity, and regeneration (Dityatev and Schachner, 2006; Dityatev et al., 2010) . Laminins are canonical ECM integrin ligands, and a subset of laminin chains is specific to integrin ␣3␤1 (Belkin and Stepp, 2000; Nishiuchi et al., 2006) . Several laminin subunit chains are expressed in the hippocampus Egles et al., 2007) where they influence synapse density and ultrastructure (Egles et al., 2007) and spatial learning in mice (Yang et al., 2011) . Although Reelin conventionally signals through Dab1 (Dulabon et al., 2000; Niu et al., 2008) and Netrins are known to signal via Frazzled/DCC (Stanco et al., 2009; Qu et al., 2013) , both proteins can also bind integrin ␣3␤1 and thus are also candidates for initiating stabilization. Future studies should identify which of these potential ligands engage integrin ␣3␤1 in the hippocampus and which cells-neurons, glia, or both-are responsible for secreting it. Additionally, it will be important to understand how expression and processing of this ligand is regulated. Together, these studies will reveal what factors govern the stabilization of neuronal structure in the maturing brain and potentially lead to the development of novel strategies for therapeutic intervention for a variety of pathological conditions.
